Typeset with jpsj2.cls <ver.l.l> 



Resonant X-ray Study on the Bi-Layered Perovskite Mn Oxide LaSr2Mn207 

Yusuke Wakabayashi^'2, Youichi Murakami^'^-"**, Ichiro KOYAMA^t^ Tsuyoshi KiMURA^''', 
Yoshinori TOKURA^'^, Yutaka MORiTOMo"^, Yasuo Endoh^'*^ and Kazuma Hirota^'* 

^Department of Physics, Faculty of Science and Technology, Keio University, 
3-14-1 Hiyoshi, Kohokuku, Yokohama 223-8522 
^Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization, Tsukuba 305-0801 
Core Research for Evolutional Science and Technology (CREST), Tsukuba 305-0047 
'^Synchrotron Radiation Research Center, Japan Atomic Energy Research Institute (SPring-8), Mikazuki, Hyogo 679-5148 
Joint Research Center for Atom Technology ( J RC AT), Tsukuba 305-0046 
''Department of Applied Physics, University of Tokyo, Tokyo 113-0033 
^ Center for Integrated Research in Science and Engineering(CIRSE), Nagoya University, Nagoya 464-8601 
^Department of Physics, Tohoku University, Sendai 980-8578 

(Received February 1, 2008) 

Charge and orbital ordering behaviors in the half doped bi-layered compound LaSr2Mn207 
have been studied by resonant and non-resonant X-ray scattering. Three different order pa- 
rameters, which correspond to the A-type antiferromagnetic , a charge and an orbital ordered 
states, were observed by measuring the magnetostriction and the superlattice peaks character- 
ized by wavevectors (I^O) and (||0), respectively. The superlattice reflections indicating the 
charge and orbital ordered states were observed below 210 K. Both the intensities reach a max- 
imum at 160 K on cooling and become very weak below 100 K. The peak width of the charge 
ordered state agrees with that of the orbital ordered state at all temperatures studied. These 
results indicate that both the states originate from a single phase and that the charge/orbital 
ordered islands with definite interfaces disperse in the A-type antiferromagnetic phase. The 
dimensionality of the charge/orbital ordered phase is discussed using this model. 
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1. Introduction 

Among various properties which transition metal ox- 
ides exhibit, especially drastic phenomena arc the high Tc 
superconductivity and the colossal magneto-resistance 
(CMR). CMR has been found in some doped manganese 
i oxides: An extremely large drop of the resistivity is in- 
' duced by a magnetic field which is very small in terms 
. of the energy scale. Through recent intensive studies of 
CMR, it has become recognized that fluctuations toward 
a orbital- and charge-ordering state and their collapse by 
' a magnetic field play important roles in CMR,^) which 
. idea is based on a homogeneous system. On the con- 
' trary, one of the recent theoretical studies'^^ proposes 
, that inhomogeneities have colossal effects in transition 
' metal oxides and that CMR can be explained by coexis- 
. fence of metal and insulator phases. In either case, CMR 
' and charge-ordering phenomena are considered as results 
from complex interactions among charge, spin and or- 
' bital degrees of freedom of electrons. ^"^^ However, the 
microscopic mechanism of CMR, orbital ordering and 
charge ordering are not yet fully understood. 

We have been studying the stability of charge order- 
ing as a function of the structural dimensionality.^'''-' 
Clearly, various properties of manganese oxide systems 
depend upon their structural dimensionality. For in- 
stance, let us compare Lai-ajSr^jMnOa (LSM0113), 
La2_2xSri+2j;Mn207 (LSM0327) and Lai_:rSri+:rMn04 
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(LSM0214). Structurally, LSM0113 is an infinite layer 
system thus three dimensional, and LSM0214 is a sin- 
gle layer system thus two dimensional. LSM0327 is a 
bi-layer system, which is in between two and three di- 
mensional structures. Around half doped (x = 0.5), 
LSM0214 undergoes orbital ordering and charge order- 
ing at low temperature,^'^-* while LSM0113 remains 
metallic. LSM0327, on the other hand, exhibits a 
phase coexistence of a charge ordered state, an orbital 
ordered state and the A-type antiferromagnetic (A-type 
AF) state.") Moreover, LSM0327 shows extremely 
large CMR phenomena when the doping rate is reduced 
from X — 0.5,^^^ though LSM0214 remains insulating.^) 
In the present paper, we focus on the charge and or- 
bital ordering behaviors in the half doped bi-layered 
compound LaSr2Mn2 07, and report our comprehensive 
studies using resonant and non-resonant X-ray scattering 
techniques. 

The resonant X-ray scattering (RXS) technique is so 
far the only way to detect a long-range ordered state of a 
local symmetry around a specific element. This element- 
specific sensitivity provides an evidence for a charge and 
an orbital orders. In addition, this technique costs rela- 
tively short time (about several hours per one condition) 
without requiring special conditions such as a low sam- 
ple temperature, thus allows us to measure under various 
conditions. Although X-ray structural analysis can also 
clarify the local symmetry of arbitrary atom in a crystal, 
the data collection costs several days or more. 

The known properties of the half-doped compound 
LaSr2Mn207 are summarized as follows: The crystal 
space group is lA/mmm with the tetragonal lattice con- 
stants a — 3.874 A and c = 19.97 A at room temper- 
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ature. The resistivity^'^) becomes large between 100 K 
and 210 K and below 50 K, and exhibits a large ther- 
mal hysteresis around 120 K. The origin of the tempera- 
ture dependence between 100 K and 210 K is considered 
as a charge order. In this temperature region, a trans- 
verse distortion wave with the modulation vector (^-jO) 
was observed by electron diffraction.^^' The distor- 
tion wave was attributed to an orbital order and is con- 
sistent with the CE-type bond configuration proposed 
by Goodcnough^^) for charge ordered cubic perovskites. 
Neutron scattering experiments^^-* show that the (003) 
magnetic scattering, which corresponds to the A-type 
AF order, coexists with (||l) nuclear scattering, which 
is interpreted as the scattering from lattice distortion 
due to a CE-type charge order, below the Neel temper- 
ature = 210 K. It is also reported that a CE-type 
AF order emerges at T^^ — 150 K and that this mag- 
netic order and the charge order almost vanish below 
Tl ^ 75 K but clear CE-type magnetic scattering peaks 
were observed even at 15 K. RXS measurements by Wak- 
abayashi et al.^^ show that the correlation length for the 
CE-type charge order in this compound is identical with 
that for the orbital order, while, in LSM0214, the cor- 
relation length for the orbital order is longer than that 
for the charge order. Argyriou et al}^^ reported the 
phase coexistence at 125 K from a high-resolution X-ray 
diffraction measurement. They also observed a lattice 
distortion characterized by the wavevector (^-jO) and 
obtained the corresponding crystal structure at 160 K 
by structure analysis using only superlattice reflections. 
The superlattice reflections do not disappear completely 
even at 10 K. They attributed the remaining intensity 
at low temperature to extrinsic effects. On the other 
hand, Chatterji et al}"^^ reported the temperature depen- 
dence of the remaining scattrered X-ray intensity, which 
is smaller than 1 % at 10 K compared with that at 170 K 
but 6 times larger than that at 50 K. They thus proposed 
a reentrance of the charge order. 

There still remain two problems despite the intensive 
studies mentioned above. One is that the vanishing of 
the orbital and charge ordered phase at low temperature 
is not understood. The other is that the interpretation 
of the observed small intensity below 50 K is controver- 
sial. The main results of the present paper are sum- 
marized as follows: (i) the charge order and the orbital 
order in this compound are two different characters of 
the same phase, (ii) the structure determination of the 
orbital/charge ordered phase corresponding to the mod- 
ulation vector (11:0) and (^^0) is demonstrated, (iii) the 
temperature dependence of the observed peak widths for 
the orbital/charge order can be understood in term of a 
phase segregation, and (iv) our experimental result does 
not show the reentrant charge order though the statistic 
error of our measurements is as small as that of Chatterji 
et al}'''^ and our result is consistent with high-resolution 
X-ray scattering study by Argyriou et al}^^ 



2. Experiment 

2.1 Resonant X-ray scattering method 

The detection of a charge order and an orbital order 
is made possible by the following mechanism. RXS is a 
method to detect the change in the anomalous dispersion 
of an ionic form factor.6-8. 18-22) rj.^^ 

essence of observing 
an orbital state by this technique is that the local sym- 
metry of an anisotropic form factor can be regarded as 
that of the corresponding valence electron orbital. The 
form factor / is closely related to the Is-Apa transition 
probability, where a is {x^y,z}. The transition proba- 
bility from Is to Apa depends on the angle between the 
a-axis and the polarization vector of the incident X-rays 
as well as the difference between the energy of incident 
X-ray and the Is-Apa transition energy, E — E^: For 
example. X-rays with the polarization vector parallel to 
the X-axis produce only the 15-4^^: transition and £'| 
and Eg do not affect the form factor for this case. This 
dependence makes the form factor anisotropic when Eg 
is anisotropic. An isotropic change in Eg is caused by 
a change in the valence of a Mn ion, and an anisotropic 
change in E'^ is caused by a change in the orbital state 
of a Mn ion or the surrounding crystal field. Since / is 
related to the ls-4p transition, / has a sharp bend at Eg, 
and it can be expressed as f{E— Eg) approximately. De- 
structive interference among scattering waves from ions 
having different Eg^s, Ei and Ei + S, produces the am- 
plitude {[f{E - El) - /{E -El- S)]/S} ■ S ~ df/dE ■ S 
because 6 is expected to be small. Therefore, the bend 
of / at Eg implies that the scattering intensity from the 
difference in Eg has a sharp enhancement at Eg. The 
intensity from the anisotropy of a form factor depends 
on the rotation angle around the scattering vector called 
azimuthal angle because the effect of E^^s on / varies 
with the angle between the polarization vector and the 
a-axis. Therefore the azimuthal angle dependence of the 
intensity reflects the orbital state or the symmetry of the 
crystal field. 

2.2 X-ray scattering of LaSr2Mn2 07 

X-ray diffraction measurements were performed at 
beamlines BLIB and BL16A2 of the Photon Factory, 
KEK, Tsukuba. BLIB, which is dedicated to powder 
diffraction measurements, was used for measurements 
of the lattice constants. This beamline is equipped 
with a bending magnet, an X-ray beam from which is 
monochromatized at the wavelength of 0.7081 A by a 
flat double-crystal Si (111) monochromator and focused 
on the sample position by a Rh coated bent cylindri- 
cal mirror. The spot size at the sample position is 
0.5mm(vertical) x0.7mm(horizontal). X-rays scattered 
from a powder sample, which is typically encapsulated in 
a glass capillary of 300/xm in diameter, are detected by a 
curved imaging plate. BL16A2 has a multi-pole wiggler 
as the light source, producing a linearly polarized X-ray 
beam. A standard four-circle diffractometer is installed 
there for single crystal measurements such as RXS stud- 
ies. The incident X-rays are coUimated by the first mir- 
ror then monochromatized by a sagittal focusing double- 
crystals Si (111) monochromator which resolution is 1 eV 
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for the incident energy near the Mn K-edge, 6.555 keV. 
The beam is focused vertically on the sample position by 
the second mirror, which eliminates the higher harmon- 
ics component. The spot size is 0.7mm(v) x 1.5mm(h). 
An ion chamber and a scintillation counter were used 
as a beam monitor and a signal detector, respectively. 
Closed-cycle He refrigerators were used for temperature 
control at both these beamlines. 

The absorption correction was made for all the i?-scan 
because the absorption coefficient drastically changes at 
Eg ~ 6.555 keV. The correction was made using the 
absorption factors of La, Sr, O^^-* and the average of 
measured /" for Mn^+ and Mn'*+ ions. The value of 
/" for Mn^+ and Mn'*"'" are obtained by measuring the 
absorption spectra of LaSrMn04 and Sr2Mn04, respec- 
tively. The signal intensity depends on the azimuthal 
angle when the form factor is anisotropic. We define the 
angle as ^' = 0° when the c-axis is perpendicular to the 
scattering plane. All the measurements except for the 
azimuthal angle scans were made at = 90° giving a 
maximum intensity of RXS. 

A polarization analyzer was used to measure the polar- 
ization of the scattered X-ray. From now on, we define 
a (7 or TT polarization as a polarization which vector is 
perpendicular or parallel to the scattering plane. The 
absence of the tt component in the Thomson scattering 
with the analyzer scattering angle 29a — 90° is used for 
the polarization analysis. A Cu 220 single crystal was 
used for the polarization analysis because it gives a scat- 
tering angle of 2dA — 95.6° when the incident photon 
energy E is set at the Mn K-edge. We define a po- 
larimeter angle ipA as an angle between the scattering 
plane for the sample and that for the analyzer crystal. 
The ipA = 0° and the ipA = 90° configurations extract 
the a polarization and the vr polarization components, 
respectively. 

A single crystal of LaSr2Mn2 07 was grown by the 
floating-zone method. The (110) and (100) surfaces were 
prepared for this study. The sample surface was polished 
using emery paper before each run. Thus the sample 
conditions for different runs were not identical. The typ- 
ical half-width at half-maximum (HWHM) of the rock- 
ing curve was 0.1°. The powder sample was prepared by 
grinding a portion of the single crystal. 

3. Results 

3.1 Lattice Constants 

The lattice constants a and c obtained from powder 
X-ray diffraction measurements are shown in Fig. 1 as 
functions of temperature. They have no significant hys- 
tereses with changing temperature. The temperature de- 
pendence of the lattice constant c is dominated by a sim- 
ple thermal expansion. In contrast, the lattice constant a 
has a characteristic 'W shape temperature dependence. 
Note that the lattice constant c increases 0.45% with in- 
creasing temperature from 10 K to 300 K while the lattice 
constant a increases only 0.09%. The characteristic tem- 
perature dependence of the lattice constant a is brought 
into prominence by the small thermal expansion. This 
"N" shape is caused by magnetoelastic coupling, which 
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Fig. 1. Lattice constants a and c as functions of the temperature. 
Solid line shows the calculated value from the the A-type AF 
order parameter. 



we will discuss later in detail. The temperature depen- 
dence of the lattice constants is extremely different from 
that of the superlattice intensity. 

3.2 Temperature Dependence of Superlattice Reflec- 
tions 

As described in Sec. 1, there appear two types of super- 
lattice reflections at low temperatures, namely the (|-jO) 
and (^^0) type reflections, which correspond to the or- 
bital ordering (00) and charge ordering (CO) in the CE 
type model, respectively. Both types of superlattice re- 
flections were observed by RXS at E — 6.555 keV in the 
temperature region between 100 K and 210 K. Typical 
results of longitudinal and transverse scans at 170 K are 
shown in Fig. 2. The widths for the [110] and the [001] 
directions of the superlattice reflections are nearly equal 
to those of the Bragg reflections, which are limited by the 
instrumental resolution and the mosaicity of the crystal: 
the resolution limit of this experiment was about 2500A. 
The profile along the [001] direction consists of a main 
peak and two small peaks, which indicates that the sam- 
ple has three domains in the beam spot area. Profiles 
along [001], i.e., w-scan profiles, varied slightly in differ- 
ent spots and different runs. We thus mainly focused on 
ll!-29 scans, which are free from domain distributions, for 
measuring the peak widths in the present study. 

We have focused upon (f |0) and (||0) for the {jjO)- 
type 00 peak and the {^2^) type CO peak. Tempera- 
ture dependence of the two peaks is shown in Fig. 3(a). 
Note that the (||0) intensity is multiplied by 3.2 so as 
to be directly compared with the (||0) intensity. Both 
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LaSr^Mnp^ 
T=170K 
E=6.555keV 
'P=90° 




X 1 (Bragg peak) 
• 5/4 (00 peak) 
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Fig. 2. Peak profiles of (110), {55O) and (jjO) reflections at 
170 K with E =6.555 keV along (a) the [110] direction and (b) 
the [001] direction. The proflle for the [001] -direction consists 
of three peaks, reflecting that the sample is composed of three 
domains. 



tlie intensities have a similar temperature dependence 
and a large hysteresis around 120 K. Both the superlat- 
tice reflections appear at 210 K on cooling and reach a 
maximum at 150 K, then decrease with further cooling. 
The maximum was observed at 170 K on heating. At 
10 K, both the intensities decrease to approximately 1% 
of the maximum values though the peak widths are as 
narrow as that of the Bragg reflection. These remanent 
peaks correspond to the 00 and CO phase because they 
completely disappear above 250 K. As for (||0), the in- 
tensity and width show no temperature dependence be- 
low 90 K for heating and 50 K for cooling. This result 
is consistent with ref.l6, which reported no temperature 
dependence of the (||0) intensity in this temperature 
range. However, ref. 17 reported that the (||0) inten- 
sity is temperature dependent in this region. We thus 
studied (||0) and confirmed that the temperature de- 
pendence is similar to that of (||0). The origin of this 
reflection will be discussed later. 

To extract the correlation lengths of the 00 and CO 
peaks, we subtracted the remanent intensities at 10 K 
from the data below 150 K. The peak profiles were fitted 
with a Gaussian function convoluted with the instrumen- 
tal resolution. Thus obtained peak widths are shown in 
Fig. 3(b) in the form of the inverse width, which cor- 
responds to the domain size I or the correlation length 
^ along the [110] direction. As shown in Figs. 3(a) and 
(b), both the (||0) and (||0) peaks have similar tem- 
perature dependence of the intensities and widths. The 
width of the (110) Bragg reflection is shown in Fig. 3(c) 
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3. (a) Temperature dependence of the intensities of the (| §0) 



and {||0) superlattice reflections with _B=6.555 keV. The (| |0) 
intensity is multiplied by 3.2 so as to be directly compared with 
the ( § § 0) intensity. The superlattice reflections are enhanced 
between Tj^ and Tjv . (b) Temperature dependence of the inverse 
peak widths, i.e., the correlation lengths ^ or domain sizes /, for 
the charge order(circles) and the orbital order(trianglcs) calcu- 
lated from the peak widths of the (|§0) and (|^0) superlattice 
reflections, (c) Temperature dependence of the peak width of 
the (110) Bragg reflection. The width is broad between and 
Tat. R.L.U. stands for reciprocal lattice unit. 



as a function of temperature. The width was found to 
become broad in the temperature region in which the 
superlattice reflections are enhanced. 

3. 3 Energy Dependence of Superlattice Reflections 

To determine the unit cell of the CO/00 phase, we 
searched for superlattice reflections in the (hhl), (hkO) 
and (hkl) planes at 170 K. The results are summarized 
in Figs. 4 and 5. The results indicate the unit cell of 
this phase is a — 6, 2a + 2b, and c, where a, b and c 
are the basis vectors of the structure at room tempera- 
ture. Since the crystal system at room temperature is 
tetragonal, this \/2 x 2\/2 x 1 structure is twinned with 
the 2^2 X \/2 X 1 structure. The reciprocal lattice points 
for the intrinsic two domains are illustrated in Fig. 5 as 
crosses and plus signs. The peak position shows the sys- 
tematic extinction h + I = 2n, which indicates a B-base 
centered lattice. Figure 6 shows the i?-dependence of 
the intensities of selected superlattice reflections. As ex- 
pected for the CO and 00 phase, the peak intensities 
of the superlattice reflections at (||0), (^^0) and (||0) 
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Fig. 4. Schematic view of the reciprocal space at 170 K with 
£=6.555 keV. Closed rectangles and closed circles represent the 
observed Bragg and superlattice reflections, respectively, and the 
open circles represent the position where the superlattice reflec- 
tions are expected to be observed. The measured region is shown 
by the gray line. 
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Fig. 5. Schematic view of the reciprocal space at 150 K with 
-E=6.555 keV for (a) hfcO-planc and (b) hfcl-plane. Closed dia- 
monds and closed circles denote the observed Bragg and super- 
lattice reflection, respectively, and the open circles denote the 
position where the no intensity was observed. These peaks form 
2^2 X V2 X 1 (ai*-bi*) and its twin, V2 X 2^2 X 1 (a2*-b2*), 
reciprocal lattice with systematic extinction h + I = 2n, which 
indicates a S-base centered lattice. The reciprocal lattice points 
for both twins are denoted by the symbols X and -|-. 



are enlianced near the Mn i^-edge. However, tlie (||0) 
reflection, which was ascribed to a reentrant charge or- 
dering in ref. 17, shows no enhancement. This lack of the 
enhancement and similarity to the (110) energy depen- 
dence denote that this peak is mainly caused by displace- 
ments of Mn ions. We have carried out some model cal- 
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Fig. 6. Energy dependence of the integrated intensity of (a) 
(ffO), (b) (If 0), (c) (ilQ), (d) (110), (e) (If 0) and (f) (f §0) 
reflections at 170 K with <!/ = 90°. The absorption correction 
was made using the average of measured /" for Mn"^"*" and Mn*+ 
ions and absorption factor of La, Sr, O'^'^' . Calculated intensity 
is also shown by solid lines in the panels (a)-(c). 



culations of the energy dependence using the values of /" 
experimentally determined from LaSrMn04 and /' ob- 
tained by the Kramers-Kronig transformation of /". We 
found that the energy dependence of the (||0) intensity 
is proportional to \df /dE\'^ as shown in Fig. 6(a). On the 
other hand, as shown in Figs. 6(b) and (c), the (^^0) and 
(||0) intensities are described as \df/dE + Cp where 
C is an amplitude of a real number. The finite C is 
ascribed to the displacement of oxygen induced by the 
valence and orbital states of the Mn ions. More detailed 
analyses on these results are described in § 4.1. 

3.4 Polarization and Azimuthal Dependence of Super- 
lattice Reflections 
We measured the polarization dependence of selected 
ihhQ) reflections. Figure 7 shows the results as a func- 
tion of the polarimeter angle tp^. The solid and dot- 
ted lines in the figure denote calculated intensities for 
the a- and the tt polarizations, which indicate that the 
(440)-type reflection (00) has the vr polarization while 
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Fig. 7. Polarimeter angle dependence of the Bragg and the super- 
lattice intensity at 170 K with = 90°. Solid line and dotted 
line show the calculated values for a- and n polarization, respec- 
tively. The maximum value of each data set is normalized to 
unity. 
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Fig. 9. The intensity at (I5O) superlattice reflection for several 
S's. The solid curves for each plots show the results of the 
fitting to \A + Bsin'I'p. 



the intensity maxima at 5* = ±90°. This result indicates 
that changing the incident energy causes httle change in 
this dependence. 



the (^^0)-type reflection (CO) has the cr polarization as 
Bragg reflections. The rotation of the polarization shown 
in this figure is caused by the anisotropy of a scattering 
factor. The anisotropic scattering factor also makes the 
azimuthal angle dependence of the scattering intensity. 
The azimuthal angle dependence of the {hhO) superlat- 
tice reflections is shown in Fig. 8. The intensity of the 
(iiO)-type reflections is normalized by the intensity at 
an off-resonant energy {E = 6.45 keV) to make an accu- 
rate correction for the sample shape. The (| |0) intensity 
is normalized by the (110) Bragg intensity because the 
(||0) reflection has no intensity at off-resonant energies. 
The azimuthal dependence of the (||0) and (^50)-type 




Azimuthal angle \(f (deg.) 

Fig. 8. Azimuthal angle dependence of the intensity of several su- 
perlattice reflections. The solid lines for (§§0) and (^^O) show 
the results of the fitting to | A -I- B sin p and that for (||0) the 
fitting to I A sin 'PI 2. 

intensities can be fitted to sin^ ^ and \A + Bsin^I/p {A 
and B are real numbers), respectively. Azimuthal angle 
dependence of the (||0) at selected energies (four dif- 
ferent energies) is shown in Fig. 9. These results have 



4. Discussion 

4-.1 Structure of the Orbital Order 

In this section, we demonstrate the structure deter- 
mination of the orbital order, refering to the extinction 
rule and the azimuthal angle dependence of the intensity. 
The peak widths of the superlattice reflections in the c*- 
direction at 170 K are nearly equal to the widths of the 
Bragg reflections, which are limited by the instrumental 
resolution and the mosaicity of the crystal, as shown in 
Fig. 2. This result indicates that the charge and orbital 
orders have long range correlations in the c-direction. It 
gives contrast to the result for the single layer compound 
Lao.5Sri.5Mn04,^' which shows a short range correlation 
along the c-direction. This suggests that the magnitude 
of the inter-layer interaction of the bi-layered compound 
is different from that of the single-layered compound. 
The inter-layer interaction is closely related to the struc- 
ture of the orbital order in the c-direction. 

As mentioned above, the unit cell of the orbital ordered 
phase has the dimensions \/2ax2^/2axc. As the origin of 
the anisotropy of the scattering factor, two mechanisms 
have been proposed; the Coulomb mechanism^^'^^^ and 
the JT mechanism. ^''"^^^ In the former, the anisotropy 
of the form factor is attributable to the Coulomb inter- 
action between 3d and ip electrons. The latter, on the 
other hand, the anisotropy is regarded as the band ef- 
fect due to the lattice distortion, which is caused by the 
anisotropy of the eg-electron density through the Jahn- 
Teller effect. In either case the anisotropy of the scatter- 
ing factor is considered to reflect the anisotropy of the 
Cg-electron density due to the orbital ordering. 

We assume that each layer in a double Mn02 sheet 
has the same orbital structure and the whole structure 
is formed by stacking of such layers with certain intra- 
and inter- bilayer stacking vectors. This assumption is 
reasonable because the Mn02 planes are crystallograph- 
ically equivalent at room temperature and there is no 
superstructure in the c-dircction. Based on this assump- 
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tion, we will consider the orbital structure, that is, the 
spatial arrangement of Mn^+ and two kinds of Mn^+ 
(Mn'^^ and Mn'^"''). Possible structures in a Mn02 plane 
having an area of \f2a x 2V2a are shown in Figs. 10(a)- 
(c) . The polarization property of the superlattice reflec- 
tion shows that the Mn^+ site is on a reflection plane 
perpendicular to the c-axis; The details of this assign- 
ment will be shown in the next section. This symmetry 




Intra-bilayer Stacking vector Inter-bilayer Stacking vector 

Fig. 10. (a)-{c) The possible arrangements of the orbital order in 
a plane and (d),(e) the possible stacking vectors. The gray and 
white circles denote the position of Mn ions and the ellipsoidal 
symbols denote the eg electrons. The resulting structure is the 
(a)-typo with stacking vectors A and E. 

requires that the form factors for Mn^^ and Mn'^'*' are 
equal at 5* = 0°. The structure factor of the ( j|;0)-type 
reflection is proportional to fi+if2—f3—if4, where fi de- 
notes the form factor of Mn ion numbered i in Fig. 10(a). 
For the structure (a), the structure factor is porportional 
to the difference between the form factor of Mn'^'^ and 
that of Mn|+. The intensity of (||0) at * = 0° is zero as 
shown in Fig. 8. This result indicates the structure factor 
of the {jjOytype reflection is zero at = 0°, therefore 
the structure in the plane is (a). Unlike this, for the 
structures (b) and (c), the structure factor of (i|;0)-type 
reflection contains the difference between the form fac- 
tor of Mn'^+ and that of Mn''^+ . There is no condition in 
which the form factor of Mn'^+ equals that of Mn^+ . 

Next, let us consider the stacking structure, which 
consists of an intra-bilayer stacking and an inter-bilayer 
stacking. The possible intra-bilayer stacking vectors are 
(A) (0,0,0.18), (B) (1,0,0.18) and (C) (1,1,0.18), which 
are shown in Fig. 10(d), and those for the inter-bilayer 
stacking are (D) (i,i,i), (E) (i,i,i) and (F) (|,i,i), 
which are shown in Fig. 10(e). We have concluded that 
the intra-bilayer stacking vector is (A), because the (B)- 
and the (C)-stacking cause the absence of (2l^2lLtio) 
and (^^j^^^x^O) reflections, respectively. The inter- 
bilayer stacking vector is (E), because, as mentioned in 
§ 3.3, the Bravais lattice of this compound is B-centered 
orthorhombic. More specificly, (D)-stacking makes the 



(||l) reflection, which were not observed, and (F)- 
stacking results in the absence of (jjO)- Consequently, 
it was found that the orbital structure of this compound 
is Fig. 10(a)-type structure with the stacking vectors (A) 
and (E). The intra-bilayer stacking is same as the stack- 
ing of cubic perovskite compounds with the CE-type 
order, such as Ndi/2Sri/2Mn03 and Pri/2Cai/2Mn03. 
This implies the cubic- and bi-layered perovskite com- 
pounds have a common interaction which induces the 
orbital order. 

The i?-dependence of the intensity shown in Fig. 6 can 
be explained from the stacking vectors (A) and (E). The 
structure factors for this \/2 x 2\/2 x 1 structure at (^^0) 
and (|fO) with = 90° are 



F 



33 
22 



= 8(r+-r+)-32/osin(^<5/2), (1) 



(r+-r+) + 32/o sin (3^5/2) ,(2) 



where and /o are the form factor of the Mn"+ and 
the oxygen, respectively, and d is the breathing mode 
displacement of the oxygen atoms. The solid lines in 
Figs. 6(a) and (b) are the results of the fitting to these 
equations. The experimental results are well reproduced. 

4-. 2 Anisotropic Scattering Factor Tensor at 170 K 

The element of the scattering factor tensor fap , where 
a and P are x,y, or z, is brought about by the process 
that an electron excites from Is to Apa and relaxes from 
Api3 to Is. In the ATS scattering, we have to deal with 
an ellipsoid of scattering function, which has three prin- 
ciple axes in the reciprocal space. Thus, when the Mn 
site has an inversion symmetry, one can chose a certain 
coordinate to make the scattering factor tensor a diag- 
onal tensor. In bi-layered compounds, MnOg is almost 
a regular octahedron so that the form factor tensor is 
approximately diagonal. A regular octahedron has three 
fourfold rotation axes, six twofold rotation axes and four 
threefold rotation axes. A principal axis of the form fac- 
tor is expected to coincide with one of them. If we choose 
a threefold axis as a principal axis of the tensor, the scat- 
tering with TT polarization is not expected on the [110]*- 
axis for any orbital structure. This is the reason for the 
existence of the reflection plane on the Mn'^+ site which 
was used in the previous section. Thus, the principal axes 
are (i) the three fourfold rotation axes x, y and z , or (ii) 
a fourfold rotation axis x' and the two twofold rotation 
axes y' and z', which are perpendicular to the x' axis. 
We denote the principal value of the scattering factor 
tensor for the principal axis a as fa- The a incident, tt 
scattered element of the structure factor tensor at (||0) 
for the set (i) is {fy — fx) sin cos 9 and for the set (ii) is 
hify'+ fz' - 2/=.' ) sin 'qj cos 9 +^{fy,- f,. ) cos(2^') sin 0. 
The experimental result shows that the intensity is pro- 
portional to sin^ 5*, which agrees with the expectation 
from the set (i). Therefore, we choose the set (i) as 
the principal axes of the scattering factor tensor for this 
compound. 

Next, we discuss the out-of-plane anisotropy of the 
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scattering factor tensor. As shown in Figs. 8 and 9, the 
(^^0) intensity has maxima at ^'max = ±90°, which are 
independent of n and E. The structure factors for the a 
polarization are 

= 8(/. - f+) + 4(/, + /, - 2/,) sin^ * 

-32/osin(^V2), (3) 
(~o) = 8(/, - f+) + 4(/, + /, - 2/,) sin^ * 

+32/osin(3^<5/2), (4) 

and those for the tt polarization are small. ^^-^ These struc- 
ture factors are same as eq.(l) and eq.(2) when we sub- 
stitute {fx + /j/)/2 for p+ and ^ for 90°. Let us re- 
call that the /„ can be written in the form f{E — Eg) 
approximately. It suggests that the azimuthal angle de- 
pendence should be explained by the anisotropy of the 
absorption-edge energy. To reproduce the experimental 
results, the value of Eg has to be larger than the aver- 
age of Eg and E^. A possible origin of the anisotropy 
of E'^ is not only the effect of the eg electron, such as 
Coulomb interaction or Jahn- Teller distortion, but also 
the layered structure. In fact, it is known that the 
EXAFS spectra for some layered compounds are highly 
anisotropic. Although the origin could not be deter- 
mined from this experiment, a theoretical analysis shows 
the effect of the layered structure is dominant. 

^.3 Temperature dependence oj the lattice constants 

The unusual temperature dependence of the a-lattice 
constant can be understood in terms of the magnetoelas- 
tic coupling corresponding to the A-type AF order. The 
t2g spins, which have a greater part of the moment are lo- 
calized. The magnetoelastic effect of localized moments 
causes magnetostriction proportional to the square of the 
ordered moment size,^^'^'^-' which is proportional to the 
intensity of the neutron magnetic scattering. Thus, the 
change of the lattice constant at T/v is expected to be 
proportional to the magnetic scattering intensity corre- 
sponding to the A-type AF order. For this compound, 
the result of the magnetic scattering measurement was 
reported in ref.ll and we use it for our analysis. The 
calculated a-lattice constant is shown in Fig. 1 as a solid 
line. The non-magnetic lattice constant ao at temper- 
ature T is assumed to be ao(T) = (jT -\- ao(0), where 
(3 and ao(0) are obtained from the thermal expansion 
above Tjv. The magnitude of the magnetoelastic effect 
was treated as a fitting parameter. The calculated value 
shows a good agreement with the experimental results. 
As a consequence, the temperature dependence of the 
lattice constant is understood by taking into account 
only the effect of the A-type AF order. Neglecting the 
CE-AF for above discussion is valid because the result of 
the neutron magnetic scattering indicates that the frac- 
tion of the A-type AF order is five-times as large as that 
of the CE-type AF order. The temperature depen- 
dence of the lattice constant is very different from that 
of the intensity of the superlattice reflection. This dif- 
ference means the existence of more than two different 



order parameters and suggests a phase coexistence. The 
broadening of the (110) Bragg reflection around 150 K 
shown in the inset of Fig. 3(b) also supports the occur- 
rence of the phase coexistence. 

4-.^ Temperature Variation of the Charge Order and the 
Orbital Order 

The intensity of the superlattice reflection is propor- 
tional to the volume fraction of corresponding phase and 
the inverse of the peak width gives the domain size / or 
correlation length ^. Here, the order parameters of the 
charge and orbital orders are expected to be constant be- 
cause other half-doped cubic perovskite manganites show 
sharp first order charge /orbital ordering transition. ^^'^"^ 
The order in the cubic perovskites are similar to that 
in LSM0327 in terms of its stacking structure or cor- 
relation length. The correlation length of the charge 
ordered phase in Pro.6Cao.4Mn03 diverges toward the 
ordered temperature:^"^ this behavior is very similar to 
that of the LSM0327 around 210 K. The charge order 
transition of the half-doped LSM0214 is not a sharp one, 
but the order in this compound is different from that in 
LSM0327 in term of correlation length. In LSM0214, 
the correlation is always short ranged. 

The temperature region with enhanced superlattice 
reflections coincides with that for a large resistivity, ^'^^ 
hence the excess resistivity is ascribed to the charge or- 
der. The peak width in the charge ordered phase agrees 
with that in the orbital ordered phase at all tempera- 
tures studied, though these two widths are not neces- 
sarily equal: Different peak widths for these orders were 
observed in Pri.^Ca^MnOg^o) and LSM0214,6) whose 
charge order and the orbital order structures are same as 
that of LSM0327. The present result can be explained 
by two different models; That is, (A) ^ of the charge 
ordered phase coincides with that of the orbital ordered 
phase, or, (B) the peak width reflects the size of the or- 
dered domain which consists of the charge and orbital 
ordered phase. The model (A) implies that such ac- 
cidental coincidence is realized at all the temperatures 
measured, which is implausible. The model (B) does 
not have such an unreasonable assumption. This model 
implies that a domain which is orbitally ordered is also 
chargely ordered, i.e., the charge order and the orbital 
order in this compound originate from a single phase; 
we thus call this phase the charge/orbital ordered phase. 
Therefore, in this compound, there are only two phases 
though it seems that there are three phases (charge or- 
dered phase, orbital ordered phase and the A-type phase) 
at first sight. This model also implies that islands of the 
charge/orbital ordered phase with definite interfaces dis- 
perse in the A-type phase. This phase coexistence is 
consistent with the above results showing two different 
order parameters, which correspond to the A-type and 
CE-type, defined by the magnetostriction and superlat- 
tice peaks respectively. 

Next, we consider how the charge/orbital ordered is- 
lands grow or melt in the A-AF phase below 150 K. 
As mentioned above, / corresponds to the domain size 
in this system. Thus, it is expected that the inten- 
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sity of the superlattice reflection, which is the volume of 
the charge /orbital ordered state, is proportional to Nl^ 
where N is the number of the ordered islands and D de- 
notes the dimensionality of the growing or melting. If we 
assume that N is conserved as temperature varies, the 
volume fraction of the ordered phase is proportional to 
. Results of fitting the temperature dependence of the 
superlattice intensity with {A^lhY or (^c^c)^, where 
and Ac are the scaling parameters, are shown in Fig. 3 
with the solid and dashed lines, respectively. The fitting 
results are very good. We tried fitting with £'/i(c) = 2 
and 4, but they produce worse agreement. Thus the ex- 
perimental result indicates that the value of D is three in 
the melting and growing processes of the ordered phase 
between 100 K and 150 K; The result D — 2> coincides 
with the expectation from the Landau free energy with 
a surface tension term. Ah can be normalized to unity 
because the intensity is represented in arbitrarily units, 
and the normalized Ac is 0.89. The small deviation of Ac 
from unity indicates that almost all the domains are not 
divided by cooling. This deviation is ascribable to the 
correlated small charge/orbital ordered domains which 
were made by dividing a large domain on cooling. 

5. Summary 

Resonant X-ray scattering measurements have been 
performed on LaSr2Mn2 07 to elucidate the charge and 
the orbital ordering. We have observed anisotropic 
form factor of Mn ion near the _R'-absorption edge. 
The structure determination of the charge/orbital or- 
der was demonstrated using the extinction rule and the 
anisotropy of the form factor. The anisotropy of the form 
factor indicates that the energy level of is higher than 
that of in-plane Apx and 'ipy. This electronic structure 
is attributable to the orbital ordering of Cg electrons and 
the layered structure of the compound. The tempera- 
ture dependence of the lattice constant is ascribed to the 
magnetoelastic effect in the A-type AF phase while the 
superlattice reflections come from a long-range order of 
charge and orbital in the CE-type AF phase. The cor- 
relation length for the charge order is same as that for 
the orbital order, while the two lengths are, in general, 
not related. The results indicate the coexistence of the 
A-type AF phase and CE-type AF phase. Moreover, the 
growth and melting of the charge/orbital order were ob- 
served, showing the dimensionality of the order is three 
dimensional. 
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